Purpose: Simultaneous collection of PET and MR data for radiotherapy purposes are useful for, for example, target definition and dose escalations. However, a prerequisite for using PET/MR in the radiotherapy workflow is the ability to image the patient in treatment position. The aim of this work was to adapt a GE SIGNA PET/MR scanner to image patients for radiotherapy treatment planning and evaluate the impact on signal-to-noise (SNR) of the MR images, and the accuracy of the PET attenuation correction. Method: A flat tabletop and a coil holder were developed to image patients in the treatment position, avoid patient contour deformation, and facilitate attenuation correction of flex coils. Attenuation corrections for the developed hardware and an anterior array flex coil were also measured and implemented to the PET/MR system to minimize PET quantitation errors. The reduction of SNR in the MR images due to the added distance between the coils and the patient was evaluated using a large homogenous saline-doped water phantom, and the activity quantitation errors in PET imaging were evaluated with and without the developed attenuation corrections. Result: We showed that the activity quantitation errors in PET imaging were within AE5% when correcting for attenuation of the flat tabletop, coil holder, and flex coil. The SNR of the MRI images were reduced to 74% using the tabletop, and 66% using the tabletop and coil holders. Conclusion: We present a tabletop and coil holder for an anterior array coil to be used with a GE SIGNA PET/MR scanner, for scanning patients in the radiotherapy work flow. Implementing attenuation correction of the added hardware from the radiotherapy setup leads to acceptable PET image quantitation. The drop in SNR in MR images may require adjustment of the imaging protocols.
INTRODUCTION
The use of advanced pretreatment imaging is increasing in radiotherapy (RT). Magnetic resonance imaging (MRI) and positron emission tomography (PET) are today widely used for target definition for several common indications for radiotherapy, for example, prostate cancer, 1,2 lung cancer, 3, 4 intracranial malignances, 5 and head and neck cancer. 6 Potential novel applications include quantitative PET and MR imaging to facilitate dose painting by numbers, 7, 8 objective or automatic identification of target volumes, 9 or stratification of patients to different treatment regimens. 10 The new PET/MR hybrid imaging modality is available from two vendors, and most applications and the majority of the ongoing research is in the area of diagnostics, where PET/MR has been shown to provide an increased diagnostic sensitivity. [11] [12] [13] [14] [15] However, there are advantages to simultaneous collection of PET and MR data for radiotherapy purposes as well, 16 for example, the elimination of image registration, and in the reduction in total scan time and machine occupancy when introducing more focused treatment strategies 17, 18 based on multimodal image information. In radiotherapy applications, the PET/MR examination will typically be performed in one bed position where the combined MR and PET field of view (FOV) covers the known treatment region. MRI acquisition protocols generally require 10-40 min of scan time, compared to the 2-4 min per bed position for standard PET imaging. Thus, it is possible to increase the PET scan time by an order of magnitude without increasing the total scan duration, which provides less noise and in our experience increases the imaging sensitivity.
The introduction of MR-guided radiotherapy, with combined MR and treatment units, may further increase the value of PET/MR examinations in radiotherapy setting. Focused treatments require imaging with high sensitivity, and acquiring both PET and MR information in the coordinate system used for planning eliminates the need for image registration.
An important aspect for effective use of PET/MR in radiotherapy is to image the patient in the treatment position. Key components for this capability are the use of a flat tabletop and appropriate radiotherapy fixation equipment. The demands and challenges of introducing these hardware components are similar to the adaptation of MR scanners to radiotherapy, so called MR simulators, 19 but with the additional demand of minimal, quantifiable, and correctable effect on PET image quality.
Recently, a PET/MR (GE SIGNA PET/MR), dedicated for radiotherapy imaging, was installed at the radiotherapy department in Ume a, Sweden. The aim of the present work was to adapt this scanner model to imaging patients in radiotherapy (RT) treatment position, to assess the impact of MRI SNR, and to assess the possibility to perform quantitative PET imaging.
MATERIALS AND METHODS
A flat tabletop was designed to be placed on the patient couch, and coil holders were designed to hold the upper or lower anterior array (UAA/LAA, which are visually identical) flexible coils in fixed positions for reproducible positioning of the coils, which is necessary to allow for accurate attenuation corrections of the coils and the coil holders, see Fig. 1 . The coil holder position is fixed by indentations in the tabletop, see Figs. 1(c), 1(d), and 1(e), which allows for reproducible coil holder positions. The tabletop and coil holders were designed for minimal impact on image quality for both the PET and MR. The selected materials were nonconducting, nonmagnetic, and materials were chosen to provide low attenuation for 511 keV photons, and to be easily cleaned. The tabletop was manufactured using a 5-mm-thick polymethyl methacrylate (PMMA G WH01, density: 1.2 g/cm 3 , flammability rating (FR): UL94HB) sheet attached to a 35-mm thick sheet of 0.10 g/cm 3 density polyethylene (PE) foam (Microlen PE-10, FR: NF P 92 507), cut to match the curvature of the PET/MR patient couch. The tabletop weight is 9.0 kg, it is 2048 mm long, and 500 mm wide, which is slightly less than the 530 mm standard width due to space constraints. There are radiotherapy standard indented indexing points on the sides to allow reproducible positioning of fixation equipment and coils. Three coil holders were constructed using polyoxymethylene (POM, FR: UL94HB) and polycarbonate (PC, FR: UL94V2), with different heights (235, 285, and 335 mm) to minimize coil-to-patient distance. The smallest coil holder was designed for children and small adults. The largest coil holder was constructed to snuggly fit the bore of the scanner. The middle coil holder had a height between the large and small coil holders. The design is similar to that reported by Paulus et al. 16 During imaging, the 16-channel UAA or LAA were combined with 16 coil elements from the posterior CMA coil, to a total of 32 receive channels. 
2.A. Attenuation correction
The tabletop and coil holders were scanned using a GE Discovery 690 (General Electric, WI, US) computed tomography (CT), with 140 kV tube voltage and reconstructed with a display field of view (DFOV) of 60 cm. The CT images were processed to remove the CT table, and the remaining RT adaptation hardware components were converted to attenuation map templates for 511 keV photons using continuous conversion scale for 140 kV CT. 19 The attenuation map templates were stored in the scanner attenuation template database. The coil holder axial displacement relative to the couch was stored in a positioning configuration file.
An interface with a rotary switch was manufactured to let the operator select which RT adaptation hardware is mounted on the table. This interface was mounted inside a stand-alone coil connector on the PET/MR scanner. When an operator selects the current hardware setup, the corresponding object positioning parameters are recorded in PET raw data. During image reconstruction, the correct object attenuation map template is loaded from template database, spatially adjusted based on the positioning parameters, and later combined with the patient in vivo attenuation map, for attenuation correction.
2.B. Validation
The PET attenuation correction was validated by scanning the well counted correction (WCC) phantom, a 5640 mL, 19 cm diameter cylindrical phantom with a 50-70 MBq activity of Fluorine-18-labeled fluorodeoxyglucose (FDG). Tenminute scans were acquired in time-of-flight mode with three setups: using the standard patient couch, using the flat tabletop, and using the flat tabletop, the UAA coil and coil holder. Attenuation maps of the couch, the standard phantom, and the correct combination of added hardware were used for attenuation correction in the reconstruction algorithm. PET images with a voxel size of 3.125 9 3.125 9 2.81 mm were reconstructed using an Ordered Subset Expectation Maximum (OSEM) reconstruction with 2 iterations, 32 subsets, and a 5.0 mm Gaussian postfilter, applying corrections for attenuation, decay, scatter, and randoms. Multiple scans with different positions of the WCC were required to cover the full length of the coil setup. The activity data for the individual scans were merged to produce an attenuation-corrected PET acquisition of the entire setup. The absolute quantitation was analyzed by placing different diameter circular regions of interest (ROIs) along the z-axis. Figure 2 shows the placement of different ROIs, where a large centered circular ROI was used for mean activity measures [ Fig. 2(b) ], four circular quadrant ROIs were used for sampling directional effects [ Fig. 2(c) ], and concentric ROIs were used to sample depth dependence [ Fig. 2(d) ]. The relative difference between the measured activity concentration C and the phantom activity concentration Cref was calculated as 100 9 (C-Cref)/Cref [%].
The coil holders and flat tabletop positioned above the curved standard imaging table increase the distance between the patient and the posterior coils (CMA) and anterior coils (UAA/LAA), which will decrease the signal-to-noise ratio (SNR) in MR images. A 20-L water container with the approximate dimensions of a male pelvis was used to assess the loss in SNR for the pelvic setup. The container was filled with water and doped with NaCl to a 0.45% solution by weight to approximate the conductivity of a human subject 20 at 127 MHz, which mimics the coil loadings when scanning a patient. A fast spoiled gradient echo (FSPGR) sequence with echo time/repetition time 3/7.24 ms, flip angle 12°, FOV 34 cm, in-plane resolution 1.328 9 1.328 mm, slice thickness 7 mm, and bandwidth of 244 Hz/pixel was used to measure the signal and noise with and without the tabletop and coil holders. SNR was calculated using MICE Toolkit 21 according to McCann et al. 22 for six ROIs, shown in Fig. 3 . The center ROI is a sphere with a radius of 25 mm, and the larger ROIs are concentric spherical shells with inner diameters of 25, 50, 75, 100, 125 mm, respectively, and a thickness of 25 mm.
RESULTS

3.A. PET attenuation
The tabletop reduced the measured whole-phantom activity by 5%. Applying the tabletop attenuation correction resulted in a À1.5% deviation from the activity measured without the tabletop. The setup with the tabletop and the coil holder resulted in a À13% mean deviation of the measured activity compared to measurements without the coils. This was improved to a mean deviation of À0.7% when attenuation correction of the UAA/LCC coils was added, see Fig. 4 .
A spatially varying difference between À4% and 4% was observed along the z direction, likely caused by an overcompensation of the photon attenuation and scattering of the coil amplifiers.
3.B. Change in SNR in MRI
The center SNR in the water phantom was reduced to 74% using the tabletop alone, and 67% using the tabletop and coil holders. Table I shows the reduction in SNR for all investigated ROIs, shown in Fig. 3 .
DISCUSSION
In this work, we present a flat tabletop and coil holders, designed for use with the GE SIGNA PET/MRI in the radiotherapy workflow. The adaptations are needed to image the patient anatomy in the same position as when delivering radiotherapy, which greatly improves the accuracy of the radiotherapy treatment planning. 23, 24 We have investigated how the developed RT adaptation hardware impact PET attenuation and quantitation, and the SNR of the MR images.
Applying attenuation correction of the tabletop and coil holder substantially improved the accuracy of the measured activity in PET imaging. The attenuation of the coil amplifiers was overestimated from the CT scans, resulting in a 4% increase in measured activity. The activity quantitation at the ends of the coil holder tapers off, due to an underestimation of the attenuation of the coil holder supports. However, in the clinically relevant regions in the center of the coil holder, the deviation due to hardware is less than 5%. We find this acceptable for all clinical applications but note that it may be possible to further improve the correction, especially over the coil amplifiers. The reason for this deviation is likely due to the assignment of linear attenuation coefficients from the CT, which will not give accurate Hounsfield values for metals. It is worth noting is that the coils are not optimized for hybrid PET/MR imaging. Coils with different wiring, or with the amplifiers moved outside the scan field of view has the potential to greatly mitigate these shortcomings, since this will reduce the attenuation and scatter of the PET photons. The observed drop in SNR in the MR images is caused by the additional separation between the patient and the coils. This is reflected by the fact that the center ROIs showed larger drops in SNR compared to ROIs closer to the coils, shown in Table I . This reduction in signal is acceptable in clinical applications but might require adjustment of the MR imaging protocols to regain some of the lost SNR, depending on the type of sequence used.
CONCLUSION
We present a flat tabletop and coil holder for an anterior array coil to be used with a GE SIGNA PET/MR scanner, to scan patients in the radiotherapy work flow. Implementing attenuation correction of the added hardware from the radiotherapy setup leads to acceptable PET image-quantitation. The drop in SNR in MR images due to greater separation between the coils and the patient may require adjustment of the imaging protocols.
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